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ABSTRACT 

Damping characteristics of honeycomb sandwich construction are 
studied experimentally. Tests are made ona series of constant section 
cantilever beams with eluminun alloy facings and cores. The beams have 
equal depths, but have a range of core heights varying from 0 (solid 
beam) to 0.8 of the beam depth. The resonant amplification factor in 
forced vibration and the logarithmic decrement in free vibration are 
found for the fundamental mode. 

A theoretical analysis is performed, based on the hypothesis that 
the specific energy dissipation veries as some pover (the damping 
exponent) of the maximum cyclic stress. ixperimental results show 
gualitative agreement with predicted etfects of core height variation. 
Amplitude dependence of observed damping indicates that the damping 


exponent is between two and three. Measured natural frecuencies agree 


well with calculated values. 
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ie Introduction 

Honeycomb sandwich construction, as originally conceived, was 
intended to increase the strength-to— weight ratio of structures. The 
theory of the individual components may best be described by making an 
enalogy to an I-beam. The high density facings (see Figs. 1-3 for 
nomenclature) of a sandwich beam correspond to the flanges of an I-bean; 
the object being to place a high density, high strength material as far 
from the neutral axis as possible, thus increasing tine section modulus. 
The honeycomb core is comparable to the web of an I-beam which supports 
the flanges and acts to carry shear stresses. The honeycomb core 
naintains continuous support of the facings and may be bonded to the 
facings by cementing or brazing. 

The results of uncontrolled resonant vibrations are well known. 
Design approaches that may be used to avoid detrimental resonance 
conditions include em 

1. Rigidization of structural members. 

2. Decoupling of resonating systems. 

4. Detuning of coupled resonators. 

4, Using high fatigue-strength structural materiais. 


5.- Reducing the vibration excitation of the structure. 
» Incorporating high-energy dissipating mechanisms into the 


structural fabrication. 


All except the last approach have disadvantages for reasons wnich 
usually fall into two main categories: the eddition of too much weight 
and ineffective damping over a large frequency spectrum. In contrast, 
incorporating an energy dissipating mechanism into the structural 
fatrication will improve structural damping over a broad band of 
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Numbers in brackets refer to entries in the bibliography which 
appesr on page 19. 





frecuencies (peal. Honeycomb sandwich construction provides such an 
energy dissipating mechanism. In addition to its main advantage of a 
high strength-to-weight ratio, the honeycomb core serves aS an energy 
dissipating mechanism which is an integral part of the structure. 
There are various methods of specifying damping. The resonant 
amplification factor A, is the primary method selected in this study 
to specify the amount of damping that exists in the honeycomb sandwich 


material. The resonant amplification may be expressed as [3]: 


A .. prmlle. (1) 
Lal Be 
where 
U = total elastic strain energy at maximum stress (in.—lb) 
O 


D, = damping energy per cycle (in.-1b/cycle) 


The damoing energy is defined as [2/: 


(2) 
D, ={D dV ; 


3 
specific damping energy (in.-lb/in.” cycle) 


where 


D 


i 


V = volume ee 


The specific damping energy D in a material undergoing cyclic 
stress is assumed to be expressible as [3]: 
pawlics 5) 
where 
J = material damping constant 
n = material daming exponent 
gQ = maximum cyclic stress 
The damping exponent n and damping constant J are considered 


constants, but they vary with temperature, sSiress history and stress 





level. Study of the eftects of temperature and stress history are 
beyond the scope of this paper; however, at room temmeratures and for 
a moderate stress history no eftect is anticipated. Stress level affects 
this study directly. For many conventional materials n= 38% for low to 
intermediate stress levels. For high stress levels (apnroaching the 
yield strength) the value of n has been noted as high as 8 (1) (iil. 
Very low stress levels are used in this study; therefore, the ampli- 
fication factor is analyzed in Appendix I for damming exnonents of two 
and three. At these low stress levels the damping constant J is assumed 
constant. 

The logarithmic decrement & snecifies the damming in a structural 
irember that is undergoing free vibieeeene: It is defined in terms of 


the decay rate of the vibrations by [4]: 


§ = Ln Se = Lin He (4) 


nti 


where X represents the general vibration amplitude and n the number of 
cycles of free vibration for which the amplitude decreases from X, to 
tn The logarithmic decrement is thus defined by the relative decrease 
of the vibration motion over a given number of cvcles of vibration. 
The logarithmic decrement may be related to the selected method 
of specifying damping in this study, the resonant emplification factor 


A.» by the approximation (5): 


TT 
A. = §-S* (5) 


The error in this equation is less than one per cent if the logarithmic 


decrement is less than O.l¢d. 


This study is intended to compare theory with exneriment, for a 





cantilever beam configuration, in order to judge the damping capacity 

of the honeycomb sandwich material and its variation with core thickness 
ané stress level. From the variation of damping, as specified by the 
resonant anplification factor with stress level, the material damping 
exponent n is evaluated to judge the validity of assumed values of two 
and three for analytical purposes. In addition, the observed natural 


frequency is compared with the theoretical prediction. 
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a. Experimental Methods 

There are various methods of specifying the amount of damping that 
exists in an engineering material, two of which are outlined in the 
introduction: the resonant amplification factor and the logarithmic 
decrement. These two methods are related to two experimental methods 
of otserving the cdarmpin; behavior: the steady state forced vibration 
method and the transient, or free vibration decay, method. Both 
experimental methods are used in this project. 

The steady state forced vibration test metre’ besically consists 
of establishing the resonance vibration curve, i.e., the amplification 
factor over a range of frequencies including the resonant frequency. 
The amplification factor of a cantilever beam may be exnressed as the 
ratio of the amplitude yp at the tin of the beam to the amplitude Qo 
at the root of the beam when the root has a forced harmonic motion. 
Thus rs): 

A es 3°/Qo (6) 
From an engineering viewpoint, the maximum value of the amplification 
factor and the frequency at which this occurs are of major interest. 
The resonant anplification factor can be determined exrerimentally as 
the maximum value of the amplification factor or peak of the resonance 
curve of a steady state forced vibrating cantilever beam [3]: 
A. 7 Meh), - 

The steady state forced vibration test method has the capability 
of obtaining damping information over a spectrum of freauencies in 
addition to affording simplicity in computing damping effectiveness. 


In this study only the fundamental freauency is examined. The basic 





equioment requirements are? 

a. Vibration generator cepable or producing vibration1s over 

a useful frenuency range; 

bo. Accurate means of measuring frenuency of vibrations: 

c. Equipment for measuring vibration amplitudes. 
An electromagnetic shaker is employed as a vibration exciter. The shaker 
is powered by a low distortion power amplifier with a variable freauency 
Sine wave generator as a signal source. 

In determining tne resonance curve, the tin amplitude and root 
amplitude of the beam, plus the vibration frequency, must be measured. 
An accelerometer in conjunction with a cathode follower and vacuum 
tube voltmeter (VTVM) is used to measure the amplitude at the root of 
the beam. A microScope is used to measure the tio amolitudes. The 
frequency of vibration is measured by an electronic counter. 

The specimen beams are mounted on a synindle which is an extension 
of the vibration generator. This is accomplished by an aluminum disc 
with a threaded central hole which is bonded to the lower surface of 
the specimen beam at mid-length and screwed onto the spindle. 

Prior to testing, all electronic instruments are turned on and 
warmed up in accordance with manufacturers! instructions and the 
ambient level on tne VIVM recorded. The microscope is calibrated and 
focused on @ scribe line on the end of the beam. The thic’mess of the 
scribe line is recorded to deduct from anmlitude measurements when the 
beam is vibrating. Forced vibrations are initiated and the sine wave 
is checked over the range of frequencies intended for testing to insure 


no distortion. The resonant frequency is then found and the forced 





vibration set, such that the j:eak to peak end amplitude is arnroximately 
five divisions on the microscope scale. Observatione are then made over 
a two cycle band width, centered at the resonant frequency, at intervals 
of approximately 0.1 cps. After returning to the resonant frequency, the 
amplitude of the forced vibrations is varied over a suitable range, up 
to the limits of ‘he vibration generator, to observe the variation of 
aGamping with amplitude of vibration. 

the free vibration decay test method basically consists of 
initiating free vibrations in the cantilever bean and measuring tne 
frequency and rate of decay of the free vibrations, or the logarithmic 
decrement as expressed in equation (4). 

The method of mounting the specimen beams in this test method is 
the same as in the steady state forced vibration test method excent 
that the mounting spindle is attached to a rigid foundation. The means 
used to initiate free vitrations is a five pound weight suspended from 
the ends of the center-mounted beam by 0.001" diameter iron wire. A 
spreader is used to keep the deflecting force on tne beam vertical. 
strain energy is stored in the beam and free vibrations besin when the 
wire is melted, suddenly releasing the weight. The vibration armlitude 
decays until the strain energy is dissipated. Four foil resistance type 
strain gazes, arranged in a four gage bridge, are used on each beam to 
sense the vibration through cyclic variation of strains in the material. 
The strain gage Signal is amplified, then recorded Sy an oscillogranh 


a 


with fluid type galvanometers and a companion timing unit. 


Prior to testing, the gaivanometer neating circuit is turned on 


end the fluid tyne galvanometers warmed up. The armlifier is warmed 





up in accordance with manufacturer's instructions. The bridge is 
palanced with no load on the beam, after which the beam is loaded and 
the gain selected for maximum initial amplitude of vibration. The load 
is then removed from the beam and the trace calibrated. The beam is 
loaded by looping mild steel wire through two eye~bolts in a block, 
wnich supports the five pound weight. The ends of the wire are looped 
around the two ends of the beam and a spreader used to keep the wire 
running vertically down from the ends of the beam. A plumb bob is used 
to position the five pound weight under the center of the beam. After 
starting the oscillograph at the desired speed (25 in./sec) the weight 
is released by melting the wire between the two eye-bolts with a propane 
tomwen:. 

There are six specimen beams tested by both the steady state forced 
vibration method and free vibration decay method. Five of the beams are 
of a length to thickness ratio of 20 and core thickness to total thick- 
news ratios of approximately 0, 0.26, 0.40, 0552 and 2.80. The sixth 
beam has a length to thickness ratio of 27.5 and a core thickness to 
total thickness ratio of arproximately 0.26. The purvose of the solid 
beam is to determine experimentally a value of the camping constant J 
which is employed in equations (26) and (28) of Apoendix I to predict 


the resonant amplification factor A, for the honeycomb sandwich beams. 
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oe Experimental Results 

axperimental results are summarized on peges 14 to 17. The 
experimental results of the steady state forced vibration test method 
are presented on graphs, Figs. 4 and 5. Results are also listed in 
Tables I and III for comparison with predicted values. The experi- 
mental results of the free vibration decay test method are listed in 
Tables II and III. 

The results of the steady state ferced vibration tests in Fig. 4 
show the variation of the resonant amplification factor versus tip 
amplitude of the beam. The initial rnortion of several of the curves 
is dashed because the ambient voltage on the voltmeter, used in 
determining the root armlitude, is apnroximately ten per cent of the 
recorded amplitudes. This lends some uncertainty to the relisbility 
of the resonant amplification factor in this portion of the curve. 

As the root amplitude increases, the effect of the ambient voltage 
becomes much less and the trend of the curves becomes more evident. 

The curves in Fig. 4 indicate a decrease of the resonant 
amplification factor as the tip amplitude of the beam increases in 
all cases except for the longer beam. The slope of the curves is an 
indication of the value of the damping exponent n. The damping 
exponent is evaluated in Appendix III from each of the curves in 
Fie. 4 and the results are listed in Table I. 

In Table I the resonant amplification factor as found experimentally 
by the steady state forced vibration test method is cormmared with 
predicted values for damming exponents of two and three. The experimental 


values are taken from Fig. 4 for a tip armlitude of 0.908", The 


li 





predicted values were computec using the Same amplitude. Comparison 

of the observed resonant amplification factor with that nredicted 
reveals the erratic behavior of the observed values. This behavior 
suggests the influence of damping other than that of the beam itself. 
The bonding material between the bottom face of the beam and the 
aluminum mounting dise is believed to have contributed a major portion 
of this damping energy. The damming characteristics of the bonding 
material, Eastman 910 adhesive, are beyond the scope of this nroject. 
However, an analysis is made in Apvendix III to apnroximate the 
magnitude of the strain energy involved. The results indicate the 
strain energy in the bond may be of the order of magnitude of 40 per 
cent of the total strain enerzy in the beam. The curves of Fig. 5 are 
the results of an attermt to evaluate the damping influence of the 
bonding material between the beam and the aluminum disc. The lower 
curve gives the results of a test in which the solid beam was partially 
drilled and tapped, as indicated in Fig. 5, as a means of mounting the 
beam. These results are very nearly coincident with the results of the 
tests with the bonded aluminum dise mounting systen. 

The results of the resonant amplification factor as observed by 
the free vibration decay tests are listed in Table II for average tip 
amplitudes. These results also show erratic behavior for the various 
sore thicknesses. Comparisons with Fig. 4 also indicate resonant 
amplification factors much less than the results of the steady state 
forced vibration test method. This suggests the influence of 
additional damping other than from the beam itself and the mounting 


system. There are several places suspected where this energy is being 





dissipated. The segments of wire which remain attached to the ends cf 
the beam after melting to release the five pound weight are susnected 
of ccntriouting the major nortion of this stray damping. The other 
mechanisms suspected of dissipating energy are the foil strain gages, 
their bonding material, and short segments of electrical connections 
from the gages to the point where the leads are secured to the 
mounting spindle. 

The results of resonant frequency messurements of both test methods 
are compared with predicted values in Table III. Two predicted frequencies 
are listed, the column headed by "w/shear" takes into account the effect 
of shear in the core, while the column headed by "w/o shear" completely 
neglects the effect of shear in the core. The computations for the two 
predicted frequencies are illustrated in Appendix III. Examination of 
Table III reveals close agreement between the observed resonant frevuencies 
of the test methods. Comoarison of the observed with the predicted 
resonant frequencies shows agreement within six per cent between the 
observed and the predictsd values, neglecting the effect of shear in the 


core for the six beams. 
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oo conclusions 


wn 


From the results of the study of the damping characteristics of 
honeycomb sendwich censtruction, the following conclusions can be drawn. 
The damming capacity of the honeycomd sandwich beam as svecified by 
the resonant amplification fector is denendent on the stress level for 
four of the five honeycomb sandwich beams tested. This is indicated by 
the decrease in the resonant amplification factor for an increase in the 
tip amplitude of the beams. The darming exnonent n, which incicates the 
degree to which the dampinc energy is denendent on the stress level, is 


determined to be between two and three for the hone:conb sandwich beans 


tested. Tne evaluation of the carming exponent n anc tne order cf 


"nN 
Oo 
r 
fe 
oF 


magnitude of the damping constant J found experimentally from the 
beam egree with values of these constants for most engineering 
materials [1), [2), (7). 

The mounting system ased in the test methods ermloyed in this 
Study contributed considerable additional dampins in relation to the 
Gamping of the beams tested. The effect of stray damping limits the 
conclusions which can be made in compering theory with test results 
Hor the vawlation of amplification Tactwer fer increased core thicknesa. 
The initial introduction of the core into the beam hes the greatest 
effect in increasing darming as indicated by a decrease in the resonant 
amplification factor. As the ratio ot core thickness to total bean 
thickness is increased, although the results are erratic. indications 
are that the dampine decreases. 

The fundamental frecauency of vibration of the honercomb sandwich 
beams studied may be predicted within six per cent, using the conventional 
Rayleigh method and negiecting the effect of shear in the core. 
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APraMDpIx I 
TRLORETICAL ANALYSIS 
The resonant amlification factcr A... is the primary nethod 
selected to specify the amount of damping that exists in sandwich 
construction material. From equation (1) page 2: 
——— OB 
es (1) 
i Dos 
The damping energy and the strain energy in sandwich construction 
are composed of two narts. Assuring rigid attacnment of the core to the 
facings, these are the energy in the core and the energy in the facings. 
It is also assumed that the strain enerzy due to shear in the facings 
is negligible conmmared to the energy due to bending and that the energy 


due to bending in the core is negligible compared to the energy due to 


shear. The strain energy and damping energy are: 


U, = ila awe 
D, = De + D,. 


where the subscript b refers to the bending energy in the fecings and 


lf 


s refers to the shear energy in the core. 
The definitions of these energy terms follow from the principles 
of basic strength of materials. The strain energy due to bending (in 


the facings) is: 


dx (8) 





st 


where, at any point x along a beams 
= bending moment 


modulus of elasticity 


wo 
i 


— 
e 
}1 


centroidal moment of inertia of section area 


<=> 
J 


length of beam 


20 





The strain energy due to shear in the core is 
c 
Rens & 


x f 2 
lone | | tea | (9) 


Cc 


where, at any point x along the beam: 

C, = shear stress 

= = shear modulus 

w = width of beem 

Two types of stress are assumed present in the honeycomb constructed 
beam; uniaxial stress in the facings; and pure shear in the core. It has 
been shown by previous investigation [7] that internal friction in 
engineering materials, as represented by the damping capacity, is due 


only to the distortion of the material. Thus for equal damping energies 


under uniaxial stress and under pure shear: 


D2 lat aie 


and for equal distortion energies [a]: 


eek yy 
J3* Jy (10) 


The damping energy due to bending in the facings is [3] 


Deb = \\ oy aly 


where the specific damping energy is 


Ds = io" 


therefore 


and 


ed 





where O is the stress at any point, Ux is the maximum stress (at the 
outer fibers) at any position x along the lencth of the beam, and t/2 


is the maximum distance from the neutral axis to the outer fibers at 


s 


7 n 
D.= |2 w OE.) oy dy dx (11) 


od “te 
2 


x. Therefore: 


The damping energy due to shear in the core is 


Dae = | [Davdy 


where the specific damping energy is 


Dy =~ J 


Substituting equation pole since 


Das ® as EY dy oe a2) 


Substituting equations ia), , (I eandee) into equation). 


the resonant — 2 factor as 


d Hg — dy dx 
+ 2 Et, i ty, & (13) 


ae 
re | es diy dx 4 @ | te dude 
n te ) | t 


Equation (13) describes the damping characteristics of a honeycomb 


Ae 
Ay 


Sandwich construction beam. This analysis is restricted to a symmetrical 
beam, i.s., the facings are of equal thickness, and the core and facings 
are of the same material. 

For purnoses of further analysis a symmetrical cantilever beam 


with constant cross section is assumed with core and facings of 


OQ 
ct) 





aluminum alloy. The core is cormaosed of ae hexegonal honeycomb pattern 


suitably bonded to the facings. The value n=3 is assumed for room 
temperatures, moderate cyclic stress history, and stress levels 
considerably less than the yield strength. 


Incorporating these asswnptions into equation (135) 


2 teW 2 
ee AT dey J Mie + Te J, 
Y 


yg 4 (SH =) {se dies ae iy 


For a cantilever beam vibrating in its fundamental mode the extreme 


(14) 


deflection is assumed to be represented by: 


4 = Yo(!~ coo 57) 


from basic strength of materials 


f 
Mz | ($-x)mu*y (8) d§ 


(15) 


where 5 is a dummy variable, M is the mess per unit length of the 


beam, and G) is the circular q uency. Then 
2 2 42 ) NS 
=f op (590 ag) oS 


Hauation (8), representing the strain energy due to bending in the 


facings, becomes 


2 AS 
_ 2 2 4, K 
Uk = eT M, ox 2 0.00N8 yA U) aa (16) 





similarly equation (11), representing the damping energy due to bending 


in the fecings, can be evaluated. For 


Mx 7. 


My 
oes ly 
then 
Yi Fae 3 
{oi dx = ptabye te (§-x)(1- cor Z| ds | dx 
: a) x 
Then 


A 
a 
Db = 13(S2))6" = sanreb Tew AS (e te) an 
q 


Before evaluating ecuations (9) and (12) to find the strain energy 
and camping energy due to shear in the core, the volds in the core mst 
be considered. For calculating the shear stress, an equivalent width 
for the core gives the desired results. Referring to Fig. 3 

\W, = Q@wt.d 
where WW, is the weight of the core in a length r, w is the beam width, 


and C is the specific weight of the honeycomb core. Also: 
he 0 ty 2we i 
@~ \ad 


where Cag is the specific weight of the honeycombd core alloy and 


h; ~ | + Cow 6 
Ww. = equivalent width of core for shear stress calculation 
(2 w, times the number of units in beam width w) 


The equivalent width is 





; a ee 
Thus, for O93 69 
=e hw (18) 
aX 
The presence of the voids also affects the volume summations in 
equations (9) and (12). Since T x does not vary with y, the voids are 


accounted for by talking 


Ce 
2 
zr = sew te (18a) 
ee all 
=e 


The shear stress in the core can be found from basic strength of 


materials 
ee Vo Q- 
"| We 


where the shecring force V. is 


V. = peal dee psy (took 


i 1) a te 
= pay Al ( #)-(Z He Ain 39) 
and the first —" ee of the facing area is 


QO. fy da = (txte\it te tv. weet 


low, letting 
A= [l-#)-G - & ain) 


the shear stress cecomes 


r fw podw (t-te) 
is - Gwe /\ 


Substituting the sheer stress into equation (9), the strain enersy 





due to shear in the core is83 


Pa) 





, ‘4 
»,= ule dx = te Apel Mag Lucey LA dx (29) 


and the damping energy due to shear in the core, from equation (12) is: 


Waa Lys h 
n= Hawt |: dx= st, 4 (Ga LeU wt t.) (As (20) 


Evaluating the integrals in equations (19) and (20) gives 


g 
Vx Ee 0.07324 


R 
VAS dx= 0.0271 2k 


Substituting equations (15), (17), (19) and (20) into equation (14), 
the resonant amplification factor A, for a symmetrical cantilever beam 


of honeycomb Sandwich construction decomes 


2 4 205 
wk 
ort | 00018 + 0.00462 pe ee t(t t 


a (21) 
a omc eat) + Saat Mea 4. 7 
Ups) 
Sue 
Rearranging and substituting I= a 
A = au 1 ES 
Y 





el . 


_ - > - 


wt 


_ 





where r = C/t is the ratio of core thic!mess to total thicness. 
Before deriving the resonant amplification factor in its final 
form, the frecuency must be evaluated for substitution into equation (22). 
The frequency can be found using Rayleigh's method (9). 
Kiaximum Strain Energy = Maximum 4inetic nergy 
or 
UR iheaan (23) 
The parts of the strain energy U, and U, have been determined in 


equations (16) and (19). The maximum kinetic energy 
i Vac : 
4 a 2 be 
Ie a dm = baal d x 
fo) 
where y is given by equation (10). Thus: 
T= 0.1134 (nary 4) (24) 


Substituting equations (16), (19) and (24) into equation (23) and 


solving for il gives 
2| EI 
wi a8 (3,52) zl 48 (25) 


where 


° \ 
Notice that for zero core thickness equation (25) reduces to that for 
a solid cantilever beam [9}. 


Substituting equation (25) into eqvation (22): 


0462 g/g) wea Ey Ste wee (26) 
Ae EGE 5 ltl ie 


0.0231(85) A) at. +¥(I SS , 








Equation (26) is based on the assumption that the damping exponent 


n=s6. If n= 2 instead, equation (13) becomes 





A pel (27) 
i b 
substituting the previously evaluated integrals and arranging in 
dimensionless form: 
Pe 2\2 
5 = E Aa (t) (iar) 
3 
I+ 6.036 “9. (9 \-Y (28) 





Me = TE it 18.1 BH FE)" floes? 
RA 


1-1? 


The damping, as specified by the resonant amplification factor, 
is constant for variations in cross section for a damping exponent 
nse fig. In equation (28) the resonant amplification factor will be 
constant for variations in r if, and only if, E/G= 3. In this project 
E/G #3 and the term in the brackets is very nearly constant for all 


values of r except r= 0. 


28 





APPENDIX II 
BAPERIMENVAL AFPARATUS"AFD PROCEDURE 

Basic Apparatus 

The basic experimental apparatus consisted of five 20" beams and 
one 27.5" beam as illustrated in Fig. 6. The nominel dimensions of the 
beams were one inch in width and one-half inch in thickness. The beam 
dimensions are listed in Table V of Appendix IV. The noneycombd core 
material was made of 3003 aluminum base alloy with Hexcel core designation 
3/16 .O001L8P 3003 and the facings of the honeycomb sandwich beams were 
made of 6061-~T6 aluminum base alloy. The facings were bonded to the 
core uSing a Shell Epon 907 adhesive bdDcnding material. The solid beam 
was made from 215-T6 

The beams were mounted on a spindle in both test methods used as 
illustrated in Figs. 7 and &. An aluminum dise one inch in diameter 
and aprroximately one-half inch thick was bonded to the center of each 
beam with Eastman 910 adhesive. The aluminum discs were threaded to 
Screw onto s mounting spindle. The aluminum disc was locked in place 
with a lock-nut, allowing no lost motion between the beam and the 
mounting spindle. In the steady state forced vibration test method, 
the spindle was an extension of the impedance head. In the free 


vibration decay test method, the spindle was mounted on a rigid support. 
Instrumentation 


In the steady state forced vibration test method, the equipment 


is illustrated in Fig. 7 and the schematic diagram below includes: 
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Vioration Generator 


Amplifier 


Signal Generator 


Accelerometer 


Cathode Follower 


Voltmeter 


Blectronic Counter 


Oscilloscope 


Microscope 





SUHSMATIG DIAGRA 


Goodman Ind. LD. 
Vibretion Generator 
Model 339A 

serial vo, 417 


Kronn-Hite Inst. Co. 
Ultra-low Distortion Fower 
Amplifier Model U?-101 
serial No. 135 


Donner Scientific Co. 
Sine Wave Generator 
Donner Model 1202 
Serial No. 224 


sndevco Corp. 
Model 2110 Impedance Head 
Serial No. DA22 


Zndevco Corp. 
Cathode Follower 
Drawing No. XC1065 


Hewlett Packard Model 400D 
Vacuum Tube Voltmeter 
Derieal NO. 2cer7o 


Eput Meter Model €54 S 
Slectronic Jounter 
slectro—Sneineering Works 
Velialeno. 5 0072 


Hewlett Packard Model 130A 
Cathode Kay Oscilloscope 


Serial 3. 2417 


Gaertner Reading llicroscope 


a eee 


Follower 


VISERATION TasT SaqUIPiSs 





The followins equipment was uzed in the free vibration Jeca; 
test method as illustrated in Fig. 8 and in the schematic diagram below. 
Vibration Source wuick Release 5 lb weight 


Strain Gages sr-4 FAP-l2e-le 
Resistance Strain Gages 


Amplifier Honeywell Carrier 
Amplifier Model 130-20 
~erial No. 130-162 
Oscillograph Honeywell Visicorder 
Hodel 90GB with Series M1650 


Fluid Damped Galvanometer 
Serial No. 9=7762 


Timing Unit Eoneywell Timing Unit 
Seriad Nowe ,co 


The strain gages were arranged in a four-gage bridge, two on the top 


and two on the bottom of each beam. 


a | Osctllo- Time 
a Graph Unit 





Spreader 
Wire 
= 
Propane 
Torch 5 Lb We. 
aa 


SCHEMATIC DIAGRAM OF FREE VIBRATION DECAY TEST SQUIPMENT 
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APPENDIX III 
SAMPLE CALCULATIONS 
The data on dimensions of all beams are listed in Table IV. These 
data were used in all calculations. In this Appendix, the data for the 


beam r =0.260 is used for the sample calculations. 


Predicted Resonant Amplification Factor 
The equations for the predicted resonant amplification factors are 
developed in Appendix I, equations (26) and (28) for a damping exponent 
of three and two respectively. The damping constant Jy employed in 
these equations was found exnerimentally, using the resonant amplification 


factor for the solid beam. For the solid beam, equation (26) reduces to: 
Z 


A. = 3.9) eee 
N= 5 Sie “yt 


- (3.31) (10%) -12 492 
. (7160) (10. © x10")® (.008)(0.5) ODRE x10" “pee 


For the solid beam, equation (28) reduces to: 


Tr 


De? TE 


TT 
J,= (70) (06x10) 3, 90x |0™ ° pa 


Listed in Table V sre computed values for some dimensionless 
ratios used in the computations to follow. Equation (26) is repeated 


here for convenience. 


bo 





Toes, LV 


BoAM DIMENSIONS 


ESEScG 










inches 





1.9050 
0.7630 
0.6240 
0.4322 
0.2426 


1.0480 


Solid Beam 6 Honeycomb Sandwich Beams 
m= 10.6 x LO psi E= 10.0 x 10~ nsi 


G = 3.87 x 10° sae 


TABLE V 


COMPUTED VALUES FOR HONEYCOMB BEAM 
(r = 0.260) 
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wh GLB) EE. + v 


A = OMB f (p\* Q S| 
nize aE z [Kg TA eae 


wnonere: 





R(t, lov?) 
@ = 6.038 eH] ar 


: 2 
 (6.03)(10 )(0.503) (0.260) 6.995 2 0,974 


(3.9%, (0°) (0.0243) (10.01) 
The term outside the brackets becomes: 


fo. 4l2)(0,0243)(10.01) (|, 3°74 ) 
(0.968,10") (3.2"Px 10") (0.008) (0. 








Within the brackets, the numerator is: 


0,166)(3.9%¢10")(0,024 3) (10,01) (1.130) + 0.260= 0.766 


(\oxto*) (0. 503)* 


and the denominator is: 


3 
(0.0231) (0.0243) (10.01) (1.137 a 
(0.503) + (0.260)(0.932\= 0.348 


therefore 


0.9Gb 
A. = 208 54g = 577 
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squation (28) is also repeated: 





2) * 
i) | 


= TT 1+ 603% \-y3 
a Z 
nee OF | yt 18. ~ trl y act 


omer 


The term outside the brackets is the resonant anmolification factor for 


the solid beam. TY 


A= aE 2 760 


Within the brackets the numerator is: 


4. (6 03)(10')(0, 503) (0, 0.0) ‘ 
| eer GON Os® hOT4 


and the denominator is: 


fee (18.1) (0.5 503) (A 2.60) (0.885) = 1.432 
(0,024 3) (10.01)* (0.885) = [. 


tnoerefore 


OTA 
A. = 100 739 = = ee 


poe] 


Predicted rrequencies 








The equation for the resonant freouency, as derived in Annendix I, 


is equation (25); 


“] 


“=, 52) [Pe sale (25) 


al 





or, in 1d, in., sec units, the frequency f (cps) is 


Ew ’ 4) ” | ‘2 
449 ee) e(-r9} Iza (25a) 


where (3 Was evaluated in the previous section. 


3 Ve 
_ 449g} (to’}(0.503) (0982) | _ 
py (0.763)(10.0/)3 (1. 374) } = 155.5 ope 


Notice that the factor in equation (25) that contains (3 is due 
to the effect of shear in the core. If this term is set equal to zero 
this neglects the effect of shear in the core. Equation (25a) then 


becomes 


if 


® Vo 
fey) 


(10")(0.508)“(0.982) ; 
f= 4496 on cae [82.0 cps 


{- Lila 


and 


Static Strain 


From elementary strength of materials, the extreme fiver strain is: 


coe. 6. | pA ] ORAM) ce yy 
EL Ewt*Li-¥9 (10")(0,5 03)* (0.982) ~ odin, 
Damping Exponent (n) 

Equations (26) and (28) of Appendix I provide a means of 
evaluating the damming exponent n. For a value of two, there is no 
dependence of the resonant amplification factor on the tip amplitude 
of vibration. An inverse proportionality exists between the resonant 


amplification factor and the tin amplitude of vibration for a damping 


39 





exponent of three. Therefore, from equation (26) of Aprendix I: 
NZ 
Aw > [ 
Aye mo 
From Fig. 4, using the curve for r = 0.260 


M0 _(42) 
HiO 43 


i n=z2%.82 





Strain Energy in Mounting Bond 

The strain energy in the bonding material between the aluminum 
disc and the lower face of the beam is considered to be due for the 
most part to the strain in beam. The thickness of the bond is estimated 
as 0.001" and the strain at the outer fiber of the beam is taken as 
60 Min./in.. A cross-section of the bonding 


INMaterial under the shear strain is 


| 5 ANG 


ie 





>| 
C001 pn. 


. ee ONS. 
shown in simplified form in the 


adjacent figure. The strain energy 
ALuminum Disc 


due to shear is: 2 
ty = SAS 
a ah 
where} S$ - Average displacement (15 pin.) 
A = Area (D)~D;)= 0,338 in. 
Hh 20 00S ae 


G = Shear modulus of the bonding material - 
estimated as 100,900 psi 


therefore 


at (5 x16*) (0,338)( 108 | 
U,= (2) (0.00!) - 0.004 am. Lb 





Comparing this smount of strain energy with the total amount of strain 
energy in the beam with tne suspended five pound weight prior to 


@ e 


nitiating vibrations in the free vibration decay tests; 
| 
W = 7 Po 
ine = = 
W 2 + (2.5)(0,008) = 0.01 an.-bb 
The strain energy in the bonding material is approximately 40 per cent 


of tne total strain energy in the bean. 
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APPLLIDIX IV 
REDUCTION OF EXPERIMENTAL DATA 


Forced Vibration Test lethod 








The measured date in the steady state forced vibration test method 
were the amplitudes at the tip and root of the beam and the frecuency 
of vibration. The amlitude at the tip of the beam was measured in 
divisions of the scale marked on the reticle of the microscope. The 
microscope was calibrated with a standard calibration disc on which 
was etched a scale one centimeter in length with 100 divisions. 
Therefore, calibrating the microscope it was found 

2,oo divs -onenieresceser= 10 7Olecm 
Since the double amplitude of the tin of the beam was recorded, the 


emplitude y, is: 


y.- Givisions on microscope . 49-2 
a 0.10 x Beree : 
alive pe Se . 
Yo = 3eyo5 ge eee 


The amplitude at the root of the beam was sensed by an accelerometer 
and displayed on the voltmeter in millivolts. The information taken 
from the manufacturer's instruction boo on the Encevco 2110 Impedance 


Sead, gives the acceleration in terms of the voltage output as [29] : 


Eb Oo tCe 


acceleration = t-< =| Cpt 100 

thus 
| V coal Wee C 
Be Sao 
OC . = Una oer a 
: (am Gor 2 Cp #100 

where 

V - Voltage reading in millivolts on VIVM 

Gs Gain of the cathode follower - ~ - = - 0.857 
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“ + s my Tt nm Ot 
in Sensitivity of accelerometer - ~- ~ - - 51,5 metres) 
& 4 


tJ 


Cy - Capacitance of the accelerometer - ~ 1676 ppt 


C, - Capacitance of the cathode follower 
and connector (12497) ~-.-..-- 109 pas 


f - Frequency of vibrations in cps 
Therefore the amplitude a, of the root of the beam is 
A= 0.223 Ye in. 

The frequency of vibrations was measured by an electronic counter 
set for a ten second counting period and displaying the freauency to 
the nearest O.1l cps. 

The resonance curves for the six syecimen beams are shown in 
Figs. 9 to ll. The experimental data for the variation of the resonant 
anplification factor with tip amplitude are listed in Table VI and 


plotted in Fig. 4. 


Free Vibration Decay Test Method 


From the oscillograph record of free vibration decay, the data 
were reduced in the following manner: on each run, a zero time for 
amplitude measurements was selected. At this point, a short portion 
of the envelope of the vibration decay curve was determined by drawing 
the best straight line through two or three pealss on each side of the 
zero time. The measured zero amplitude uae was tne distance between 
the envelope lines on the zero time line. Several more amplitudes 
Oe Xon» X5n - - - ) were measured in the sam: manner at an elapsed 
time of n, en, Sn - - - evcles, respectively, from zero time. A plot 


of the ln X vs n is a curve whose slope is ecual to the logarithnic 
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decrement. The resultant curves showed slight curvature and thus were 
broken up into two narts for ench run and the slone of each part 
determined for the logarithmic decrement. The data determined in this 
manner are listed in Table VII. The average of the three runs for both 
parts of the curve of each beam tested is listed in the results. 

The frequency was determined by counting the number of cycles on 
the oscillograph record in a one second time period. This frequency 
for each of the three runs is listed in Table VII and the average is 
listed in the results. 

A portion of an oscillograph record of the free vibration decay 


was copied and is shown in Fig. le. 





(sdo) xonmneaug 
6° TST L° TST 


o9e°0 =a 
AON No eT 
SA 


HOLOVT NOILVOIZITHIV 


S°* TST 


£° TST 





00¢ 


OOYV 


009 


008 


COOT 


e°99T 


(sdo) xOMINoaaT 
0°99T 


WVEE AITOS 
ZONTNOGHA 
SA 


YOLOVE NOLLVOIITaLNY 


8°SST 





9°S9T 
0 


00¢ 


OOF 


00? 


008 


QOOT 


(V) HOLOVE NOILVOIZITINY 





OT “DIa 


(edd) xOnTMoaus 
6°S6T 2°S6T S°S6T o°S6T 


007 


008 


OOOT 





Q02T 

91S°O=2 

ROMENO Ta 
SA 


HOLOVA NOLTLVO LAL THnv 
OOrT 


(sdo) xOnanhaus 


9°e6T v°eé6T 


662°0 =a 
AONGNOAT 
SA 


HOLOVE NOLLVOLLLITAV 


o°e6t 





er est 
00¢ 


OOv 


009 | 


008 


QQOT 


O0eT 


QOFrT 


(V) HOLOVI NOILVOIAZITAIV 


46 





Tt “Old 


(sdo) xOnedbaua 





e 96 0°96 8°S6 O°S6E 

0 
002 
0O?r 
009 
008 
OOOT 

9°42 =3/y 

GZc°O=H a2 

xONaNoMT 
SA 


HOLOVA NOILVOLALTIGHY 


(sdo) xONENbaHs 


S°See £°See 


e0s*o=2 
ZONa MOTT 


8A 


— HOLOVE NOLWOISITIW 


T°See 





6°vee 


002 


009 


008 


O00T 


(V) HOLOVA NOLDVOIEITANY 


47 





TABLS VI 


STEADY STATE FORCED VIBRATION EXPERIMENTAL DATA 


Root Amplitude a, 


millivolts 


=i 
10 inches 


Tip Amplitude y, 


micYroeses ze 
divisions 


io” inches . 


Resonant 
Anplification 
Factor A. 





0.30 
0.50 
0.60 
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TABLS VI (cont.) 


Root Anplitude Tip Amplitude 










Resonant 


6 nicroscope ag Amplification 
millivolts | 10 inches divisions 10 inches | Factor i. 
r = 0,516 f= 195,6fcum V ambient = 0.045 my 
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220.0 cps V ambient = 0.945 mv 
2.20 3.2 2.24 985 
Be? 4.4 3.18 965 
4.53 a. o 4,33 995 
5.23 6.9 5.10 sie 
6.13 8.2 6.10 995 
7.09 9.2 6.87 980 
Pool 10.9 7.48 945 
8.78 1a, 0 8.26 940 

11.0 15.2 9,95 | 910 

WE <2 15.3 11.6 880 

17.6 20.0 15.1 865 

meyoscor A/t= 27.5 f, = 95.9 eps V ambient = 0.045 mv 








TABLAS VII 


FRamk VIBRATION DECAY =XFaRIMENTAL DATA 





n 
cycles| éverage 


0.0067 
0.0069 
0.0867 



















0.0069 
0. 0065 
0.0075 
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0.9063 
0.0069 
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TABL: VII (cont.) 


ol 


0.0202 
0.0202 
Os02 is 
0.0211 


020200 
0.0208 
0.9141 
0.9161 








min a 
Le 


egy ‘66n°O=4 
(TeUTS TIO WoTf PsoetyZ) 
qgoods HdVHYSOTIIOSO 
ZO NOILYOd Fe 19 









® 


mi i ann mM il te 
ant 


eM 


i lig 


« ee —_ > en ‘ ——— —< 


“ne 




















